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Arterial thrombosis is the primary cause of death worldwide, with the most important risk
factors being smoking, unhealthy diet, and physical inactivity. However, although there
are clear indications in the literature of beneficial effects of physical activity in lowering the
risk of cardiovascular events, exercise can be considered a double-edged sword in that
physical exertion can induce an immediate pro-thrombotic environment. Epidemiological
studies show an increased risk of cardiovascular events after acute exercise, a risk,
which appear to be particularly apparent in individuals with lifestyle-related disease.
Factors that cause the increased susceptibility to arterial thrombosis with exercise are
both chemical and mechanical in nature and include circulating catecholamines and
vascular shear stress. Exercise intensity plays a marked role on such parameters, and
evidence in the literature accordingly points at a greater susceptibility to thrombus
formation at high compared to light and moderate intensity exercise. Of importance is,
however, that the susceptibility to arterial thrombosis appears to be lower in exercise-
conditioned individuals compared to sedentary individuals. There is currently limited data
on the role of acute and chronic exercise on the susceptibility to arterial thrombosis, and
many studies include incomplete assessments of thrombogenic clotting profile. Thus,
further studies on the role of exercise, involving valid biomarkers, are clearly warranted.
Keywords: physical activity, exercise, thrombogenicity, blood clots, platelet reactivity, clot microstructure, plasma
biomarkers
INTRODUCTION
Thrombosis is the formation of a blood clot inside a blood vessel, leading to obstruction of blood
flow in the arterial or venous circulatory system (Mackman, 2008). Acute arterial thrombosis is
the cause of myocardial infarction and stroke, which collectively are the most common causes of
death in developed countries (Mozaffarian et al., 2016). The risk of thrombosis and the consequent
cardiovascular events are closely coupled to aging and lifestyle factors such as a diet, smoking, and
physical inactivity.
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A primary trigger of arterial thrombosis is rupture of an
atherosclerotic plaque, which leads to a rapid recruitment of
platelets to the injured site, through interaction of platelet
surface receptors with collagen and other proteins exposed at
the site of injury in the vessel wall. Subsequent activation of
the coagulation cascade, leading to generation of thrombin and
fibrin, results in clot formation and occlusion of the artery
(Mackman, 2008). The ultimate microstructure of the formed
blood clot is of significance; less dense clots can be dissolved
naturally through the process of fibrinolysis, whereas more dense
blood clots cannot easily be dissolved, and consequently, dense
blood clots are associated with higher risk of thromboembolic
events (Collet et al., 2000; Mills et al., 2002). Thus, the severity
of a blood clot is closely associated with the structure of the
fibrin network, which is supported by the finding that the rate
of fibrinolysis is dependent on the structure formed by the fibrin
fibers (Collet et al., 2006). Therefore, the potential for thrombosis
formation, the density of the thrombus, and the efficacy of
fibrinolysis are of clinical importance in evaluating the risk of
arterial thrombosis.
Lifestyle changes, such as regular physical activity, have
protective effects on cardiovascular disease, such as acute
myocardial infarction and stroke (Buckley et al., 2019) and
habitual physical activity is accordingly recommended for
populations at risk (Arnett et al., 2019; Pelliccia et al., 2020).
Nevertheless, there is a risk-benefit paradox with regard to
physical activity; acute exercise influences the coagulation system
with a consequent transient increase in the risk of arterial
thrombosis, with the magnitude of risk being influenced by
physical fitness and relative exercise intensity (Thompson et al.,
2007, 2020). This brief review covers some of the known effects of
acute and habitual exercise on risk markers of arterial thrombosis.
We first provide a short overview over experimental methods
used to assess the integrated risk of arterial thrombosis, followed
by a discussion on the influence of acute exercise and exercise





Platelets play an important role for many physiological and
pathophysiological processes including healing of injured blood
vessels and the development of arterial thrombosis (Nachman
and Rafii, 2008; de Groot et al., 2012). Platelets circulate with
the blood in an inactivated state until they come into contact
with activating molecules, such as circulating epinephrine and
collagen exposed upon injury to the vessel wall. The activated
platelets adhere and initiate a tightly regulated process leading to
the formation of a hemostatic plug (de Groot et al., 2012).
Evaluation of platelet aggregation can include platelet number,
morphology, and function (Vinholt et al., 2014) and there are
several available methods for these assessments as described
in detail elsewhere (Vinholt et al., 2014). The present review
only focuses on the assessment of platelet reactivity. For this
assessment, light transmission aggregometry is often used (Born,
1962; O’brien, 1962; Vinholt et al., 2017), and reactivity is
determined by assessing the propensity of platelets to aggregate in
response to different concentrations of platelet receptor agonists
(Algahtani and Heptinstall, 2017). Physiologically relevant
agonists for the assay are collagen, adenosine diphosphate
(ADP), and thrombin receptor-activating peptide (TRAP) (Born,
1962; Davidson et al., 1988; Lundberg Slingsby et al., 2017;
Vinholt et al., 2017).
Although light transmission aggregometry is a useful method
for the assessment of platelet function, a few aspects are useful
to keep in mind when interpreting the data. One limitation
of assessing platelet function per se as a marker of blood
clot susceptibility is that it only provides indication of one,
albeit important, step in hemostasis. Methodological limitations
include preparation time of platelet rich plasma to be used
in the assay, which may influence aggregation, and that the
measurement is made in vitro, without immediate influence of
hemodynamic factors. Nevertheless, with careful methodological
considerations and in combination with other markers of
thrombogenicity, the platelet aggregometry method provides a
useful indication of the susceptibility to thrombosis, and the
method also has the advantage that a large number of samples,
and many different agonists, can be tested simultaneously (Salehi
et al., 2014; Paniccia et al., 2015; Vinholt et al., 2017).
Plasma Markers of Thrombogenicity
Various markers of hemostasis and fibrinolysis have been
identified as independent cardiovascular risk factors (Koenig
and Ernst, 2000) and have been widely used in clinical practice.
Standard coagulation assays include assessment of activated
partial thromboplastin time (APTT), prothrombin time (PT),
and thrombin time (TT) (Feng et al., 2014). The assays are
functional and evaluate the rate of clot formation when the
coagulation cascade has been activated. Other commonly used
markers of thrombogenicity are related to fibrin, which plays
an essential role in the microstructure of the blood clot.
Blood clots can be dissolved by the fibrinolytic system through
degradation of fibrin. The key enzyme for degradation of fibrin
is plasmin, which is converted from circulating plasminogen by
plasminogen activators: tissue-plasminogen activator (t-PA) and
urokinase-plasminogen activator (u-PA). The t-PA and u-PA can
be inhibited by plasminogen-activator inhibitor-1 (PAI-1) and
plasminogen-activator inhibitor-2 (PAI-2).
Although standard coagulation markers remain the mainstay
of pathway analysis (PT, APTT), they have several limitations
in assessing diseases and treatment thereof. The markers only
indicate isolated parts of the plasma-based coagulation pathways.
Furthermore, many of these pathway markers do not take
into account the effect exerted by the cellular components
in blood (such as platelets, and white and red blood cells).
Furthermore, many of the tests are carried out in physiologically
altered blood (in tubes with, e.g., heparin or sodium citrate).
The testing process varies from laboratory to laboratory often
with different reference ranges, making interpretation in various
disease states difficult (Ebner et al., 2018). In addition, many of
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the hypercoagulable disease states have a marked inflammatory
component and response due to endothelial change and damage,
which can neither be measured nor assessed with these tests.
In most circumstances, this makes their overall utility in many
diseases mainly an adjunct to clinical care.
Clot Microstructure
Due to the need for a global marker to assess hemostatic
competency in hypercoagulable states and their treatment, recent
studies have focused on the potential of clot microstructure
and quality as a more global and accurate measurement. This
has led to the development of a potential and exciting new
marker, fractal dimension, which has been seen as an improved
marker of coagulation that has the ability to assess the direct and
indirect effect of coagulation in one simple and immediate test in
unaltered whole blood (Kopytek et al., 2019).
Fractal dimension provides information about the structure
of the fibrin network of a developing blood clot (Evans et al.,
2010) and is thus a functional biomarker of hemostasis and
clot microstructure. Fractal dimension provides a description
of the incipient clot, which is the initial templating structure
of the clot, which leads to its ongoing mechanical structure
and strength (Figure 1) (Curtis et al., 2011, 2013). Low
values of fractal dimension are equivalent to a weak and
less dense clot with low number of branches, whereas high
values are equivalent to a strong and dense clot with a
high number of complex structured branches, which is more
difficult to break down therapeutically (Evans et al., 2010;
Sabra et al., 2017). In acute vascular inflammatory disease
such as ischemic stroke and myocardial infarction, there is
considerable over-production of mass and cross-linking at
this templating phase, which leads to a very strong and
abnormally structured clot, as compared to clot formation in
healthy individuals (Figures 1, 2). In contrast to standard and
conventional coagulation measurements like PT or APTT, fractal
dimension is performed in untreated blood within minutes
after blood withdrawal and provides a rapid measurement of
the integrated hemostatic property and thereby an immediate
indication of the risk of cardiovascular events (Sabra et al.,
2017). Limitations include the requirement of relatively expensive
equipment, and as with platelet aggregometry, the measurement
is made in vitro without physiological hemodynamic impact.
Also, the method is still relatively new, and although the
method has been used in a large number of subjects (Evans
et al., 2010; Lawrence et al., 2014), normal ranges for gel
point and fractal dimension in different populations have
yet to be defined.
ACUTE EXERCISE AND ARTERIAL
THROMBOSIS
Paradoxically, although regular exercise or a physically active
lifestyle protect against cardiovascular disease (Albert et al., 2000;
Lee et al., 2003; Sattelmair et al., 2011), a single acute bout of
physical exertion might trigger an acute myocardial infarct or
stroke (Lee et al., 2003). The increased risk is reported to last
up to 30–60 min after termination of exercise (Röcker et al.,
1986; Mittleman et al., 1993; Albert et al., 2000; Buckley et al.,
2019), with one study reporting the effect to persist for up to
2 h (von Klot et al., 2008). However, an important aspect is that,
whereas in a sedentary individual the risk of a myocardial infarct
increases ∼ 50- to 100-fold with acute vigorous physical activity,
in an individual accustomed to exercise the increased risk is much
lower (∼2- to 5-fold) (Figure 2) (Bärtsch, 1999; Thompson et al.,
2007). This would suggest that once an individual is accustomed
to exercise, the susceptibility to thrombosis by acute exercise is
substantially reduced. This aspect is further discussed below in
the section on exercise training.
Exercise intensity is likely to influence the susceptibility to
arterial thrombosis and may also affect the time required for
returning to resting hemostasis (Supplementary Table 1) (Hegde
et al., 2001; Menzel and Hilberg, 2011). As such, low to moderate
intensity exercise elicits low or no increase in plasma thrombotic
markers and platelet reactivity (Hegde et al., 2001; Davies et al.,
2016; Lundberg Slingsby et al., 2018), whereas strenuous exercise
leads to a substantial increase (Hegde et al., 2001; Davies et al.,
2016). The increased risk of myocardial infarct correlates with
high self-reported physical exertion, with a score representing
vigorous exertion resulting in a >5-fold increase in the relative
risk of onset of a myocardial infarct in the 1–2 h following
exercise (Buckley et al., 2019).
One reason for the increased relative risk of arterial
thrombosis with intense exercise could be elevated vascular shear
stress (Badiei et al., 2015) due to the higher blood flows with
intense exercise (Hathcock, 2006; Chen et al., 2010; Badiei et al.,
2015). High shear stress levels can promote thrombosis as the
frictional force may cause tearing or rupture of an atherosclerotic
plaque (Hallqvist et al., 2000; Thompson et al., 2007). Also, many
platelet activating factors are influenced by increased exercise
intensities, such as catecholamines (Dimsdale and Moss, 1980;
Lawrence et al., 2018), temperature (Meyer et al., 2013; Lawrence
et al., 2016), blood osmolality (Lawrence et al., 2014), and central
hypovolemia (Meyer et al., 2013). In addition, aspects such as
endothelial alterations, which influence platelet adhesion and
thrombin generation, may also be affected by exercise and lead
to an increased susceptibility to thrombosis.
Catecholamines promote thrombosis by activation of
platelets and an increase in clot microstructure (Mittleman
et al., 1995; Thompson et al., 2007; Davies et al., 2016;
Lawrence et al., 2018). In a recent study, tyramine infusion,
leading to endogenous noradrenalin formation, was found to
increase fractal dimension, indicating a denser incipient clot
microstructure (Lawrence et al., 2018). Accordingly, compared to
moderate intensity exercise, intense exercise with higher plasma
norepinephrine concentrations was shown to be associated with
significantly higher levels of thrombotic plasma markers (Menzel
and Hilberg, 2011). Nevertheless, single leg knee extensor
exercise, which has a limited impact on sympathetic activity,
significantly increases fractal dimension suggesting that local
hemodynamic changes such as shear stress can influence clot
microstructure independently of catecholamines (Lawrence
et al., 2018). Combined these studies provide support for that
both catecholamines and hemodynamic changes during exercise
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FIGURE 1 | df and clot microstructure. Computer modeling of fractal structures of blood clots at the gel point from (A) healthy individuals and (B) individuals with
vascular inflammatory disease. Electron microscopy images of fractal dimension (df) and clot microstructure in whole blood (C) pre and (D) post 1 wk of oral dual
antiplatelet therapy (75 mg Aspirin and 10 mg Prasugrel) in healthy individuals. The pictures (C,D) clearly show how inhibition of platelet activity alters clot
microstructure and mass as indicated by df. Note that a small change in df results in a large increase in mass at the gel point for the developing clot. (A,B) are
reproduced from Curtis et al. (2011).
can influence the microstructure of developing blood clots, but
further studies elucidating their precise role are required.
Data on exercise-induced effects in healthy individuals may
differ from data in patient groups for whom the exercise-induced
thrombogenicity is likely to be more critical. For example,
although patients with either hypertension or coronary artery
disease do not seem to differ in basal platelet reactivity or markers
of thrombosis compared to healthy controls (Petidis et al., 2008;
Hong et al., 2009), these patient groups may present increased
catecholamine levels during and after exercise (Petidis et al.,
2008) with a potential impact on thrombogenicity. Nevertheless,
findings on exercise-induced thrombogenicity in coronary artery
disease patients are inconsistent (Mehta and Mehta, 1982;
Pamukcu et al., 2005; Aurigemma et al., 2007; Petidis et al.,
2008), likely due to variations in criteria for medication and
co-morbidities of the populations.
It should be emphasized that despite the apparent
immediate changes in thrombogenicity after exercise, the
risk of hospitalization during clinical graded exercise testing
is approximately one in 10.000 (Myers et al., 2009). In healthy
adults, between 30 and 60 years of age, this risk of a cardiac
event is estimated to be ∼0.2 and 0.3 per 10.000 person-hours
of exercise for women and men, respectively (Gibbons et al.,
1980). Moreover, in one of the few studies assessing platelet
reactivity following acute low intensity one-leg knee extensor
exercise, a significant decrease in epinephrine-induced platelet
aggregation was observed in moderately and highly trained,
but not sedentary, middle-aged male subjects (Lundberg
Slingsby et al., 2018). This finding suggests that, in individuals
accustomed to exercise, the risk of arterial thrombosis after
exercise of lower intensities may even be lower than at rest.
Also, plasma fibrinolysis has been shown to increase after acute
exercise as a result of increased release of t-PA from endothelial
cells in the vasculature (Rankinen et al., 1995; Gunga et al., 2002;
Sumann et al., 2007). The increase in t-PA occurs with different
exercise modalities but appears to be higher with higher exercise
intensity (Handa et al., 1992; El-Sayed, 1993; Hegde et al., 2001;
Menzel and Hilberg, 2011).
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FIGURE 2 | Schematic illustration of the influence of acute exercise and habitually active lifestyle on hemostasis. (A) Resting hemostasis in a healthy individual.
(B) Exercise accustomed individual: exercise-induced pro-thrombotic factors are counterbalanced by the release of anti-thrombotic and anti-aggregatory agents,
e.g., prostacyclin and NO. (C) Sedentary individual: the exercise-induced increase in thrombogenic factors is not sufficiently counterbalanced by anti-thrombotic
protection leading to a thrombogenic response. Illustration created with BioRender.
INFLUENCE OF EXERCISE TRAINING ON
SUSCEPTIBILITY TO ARTERIAL
THROMBOSIS
It is well established that regular physical activity protects against
cardiovascular disease (Buckley et al., 2019), and physical activity
for ≥ 30 minutes per day, 5 days a week, is advised (Arnett
et al., 2019; Pelliccia et al., 2020). One of the beneficial effects
of regular physical activity on arterial thrombi formation is
likely through a reduction in basal platelet reactivity (Lundberg
Slingsby et al., 2018; Heber et al., 2020). Whereas untrained
individuals display an increased level of adrenaline-induced
platelet aggregation in response to an acute bout of exercise,
platelet aggregation remains unaffected in moderately trained or
well-trained individuals (Lundberg Slingsby et al., 2018). Similar
to that in healthy individuals, exercise training in patients with
coronary artery disease has been found to decrease platelet
reactivity, and inclusion of high intensity exercise sessions has
been reported to be more beneficial than moderate exercise
training alone (Heber et al., 2020). This effect of reduced platelet
reactivity with the added high intensity exercise sessions is
also present immediately after acute exercise (Supplementary
Table 3) (Heber et al., 2020).
Currently, only a limited amount of data exists regarding
the influence of exercise training on the thrombogenic clotting
profile (Supplementary Tables 2, 3) (Stratton et al., 1991; van den
Burg et al., 2000; Lundberg Slingsby et al., 2017, 2018; Heber et al.,
2020). In these studies, exercise training consistently resulted in
reduced platelet reactivity and a reduced level of plasma markers
indicating thrombogenicity (Rauramaa et al., 1986; El-Sayed
et al., 1995; Wang et al., 1995, 1997; van den Burg et al., 2000;
Lundberg Slingsby et al., 2017; Heber et al., 2020). Interestingly,
in late premenopausal women, a period of aerobic interval
training by cycling, reduced platelet reactivity, whereas this effect
was not observed in recently postmenopausal women (Lundberg
Slingsby et al., 2017). The reason for this discrepancy is unclear.
It should be noted that both groups of women were found to have
improved endothelial function as well as enhanced sensitivity
to platelet inhibition by prostacyclin. Improved endothelial
function is associated with enhanced formation of prostacyclin
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and nitric oxide (Taddei et al., 2006; Flammer et al., 2012)
which both are potent inhibitors of platelet reactivity (Jin et al.,
2005; Yau et al., 2015). Several studies, including studies on pre-
and postmenopausal women, have shown that exercise training
leads to increased expression of enzymes related to prostacyclin
synthesis and nitric oxide formation as well as increased plasma
levels of prostacyclin and nitric oxide metabolites (Hellsten et al.,
2012; Cocks et al., 2013; Nyberg et al., 2017).
Thus, although numerous studies have examined the effect
of regular physical activity on cardiovascular risk factors, the
specific influence of physical activity on thrombogenicity has
not been well investigated, and in particular, the role of exercise
intensity and volume is lacking. Future studies should therefore
aim to assess the impact of differentiated training modalities to
evaluate the influence on plasma markers of hemostasis, platelet
aggregation, and clot microstructure.
CONCLUSION
Exercise may be considered a double-edged sword since, on
one hand, acute exercise can be a direct cause of a thrombotic
event, and on the other hand, exercise training is a potent
intervention for lowering the risk of cardiovascular events.
Although further studies are required to unravel the influence
of different exercise modalities, existing literature points at a
greater risk of enhanced thrombogenicity with high, rather
than light to moderate intensity exercise. Thus, for patients at
risk, the safer recommendation would accordingly be to initiate
exercise programs at low to moderate intensities. We propose
that studies combining platelet reactivity assay, clinical measures
of hemostatic markers, and the novel functional measure of clot
microstructure will provide a new level of detailed prediction of
the susceptibility to harmful arterial blood clots.
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